The limbal epithelial cells can be maintained on 3T3 feeder layer with fetal bovine serum supplemented culture medium, and these cells have been used to successfully treat limbal stem cell deficiency. However, fetal bovine serum contains unknown components and displays quantitative and qualitative lot-to-lot variations. To improve the culture condition, the defined KnockOut serum replacement was investigated to replace fetal bovine serum for culturing human limbal epithelial cell. Human primary limbal epithelial cells were cultured in KnockOut serum and fetal bovine serum supplemented medium, respectively. The cell growth rate, gene expression, and maintenance of limbal epithelial stem cells were studied and compared between these two groups. Human primary limbal epithelial cells were isolated and successfully serially cultivated in this novel KnockOut serum supplemented medium; the cell proliferation and stem cell maintenance were similar to those of cells grown in fetal bovine serum supplemented medium. These data suggests that this KnockOut serum supplemented medium is an efficient replacement to traditional fetal bovine serum supplemented medium for limbal epithelial cell culture, and this medium has great potential for long term maintenance of limbal epithelial cells, limbal epithelial stem cells transplantation, and tissue regeneration.
Introduction
Corneal epithelial stem cells are located in the basal layer of the limbus, a corrugated and pigmented structure called the palisades of Vogt [1] [2] [3] [4] . These stem cells sustain the continuous renewal of the corneal epithelium over a lifetime and replace injured or lost corneal epithelial cells [5, 6] . Limbal stem cell deficiency (LSCD) and associated ocular surface diseases can be treated successfully using cultured limbal epithelial autograft [7, 8] . The success of these surgical treatments depends on efficient expansion of limbal epithelial stem cells which involved 3T3 feeder layer and fetal bovine serum (FBS) in most cases. The 3T3 feeder layer culture system was set up by Rheinwald and Green [9] and has been successfully used to expand epithelial cells from human skin, hair follicle, limbus, conjunctiva, and oral mucosa tissue [10] [11] [12] [13] [14] [15] [16] . However, FBS is not well-defined, and it always displays quantitative and qualitative lot-to-lot variations [17] . FBS also contains potentially harmful xenogeneic components, which may stimulate immunological reactions and transmit animal diseases and pathogens [18] . With all these concerns, there is an increasing need to develop well-defined culture medium to replace the traditional FBS supplemented medium.
Currently there are certain serum-free alternative media for the growth of epithelial cells, such as defined Keratinocyte Serum-Free Medium (KSFM6, Invitrogen, USA), keratinocyte growth medium (KGM6, Clontech, USA), Epilife6 (Invitrogen, USA), and Progenitor Cell Targeted (PCT) media (CellnTEC6, Switzerland). These products have been shown to support the expansion of corneal epithelial cells. However, they still need supplements of undefined products, such as bovine pituitary extract (BPE) or human serum albumin (HAS). And most of these media require high cell seeding density, which may not be practical for expansion of human corneal epithelial cells. Moreover, corneal epithelial stem cells, which are detected as holoclones in 3T3 culture 2 Journal of Ophthalmology system, could not be maintained in this serum-free culture medium for long term [12, 13] . To date, there is no defined serum-free medium which could support expansion of corneal epithelial stem cells for long term.
KnockOut serum replacement (SR) is a defined serumfree formulation, which was designed to directly replace FBS for maintenance of embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs). It has been demonstrated that KnockOut SR provides consistent growth conditions for ES cell and iPSC culture, and ES cells grown in KnockOut SR supplemented medium are substantially less differentiated than those grown in FBS supplemented medium, and germline transmission is not compromised in the least. Given the similarities in the culture methods of epithelial cells and ES cells, and in light of the fact of KnockOut SR replacing FBS in ES cell culture, here it is hypothesized that the KnockOut SR could be used to replace FBS in limbal epithelial cell culture.
Materials and Reagents
Cell culture dishes, flasks, centrifuge tubes, and serological pipettes were purchased from Becton Dickinson (Franklin Lakes, NJ; http://www.bd.com/). Dulbecco's Modified Eagle's Medium (DMEM), Ham's F-12, HEPES, penicillin and streptomycin, L-glutamine, 0.05% trypsin-0.02% EDTA solution, Superscript III kit, and RNeasy6 kit were acquired from Invitrogen-GIBCO BRL (Grand Island, NY; http://www.invitrogen.com/). Fetal bovine serum (FBS) was purchased from Hyclone (Logan, UT; http://www.hyclone .com/). Mouse NIH 3T3 fibroblasts (ATCC CCL 92) were obtained from American Type Culture Collection (Rockville, MD; http://www.atcc.org/). Dispase II was from Roche. Monoclonal antibody (mAb) against ABCG2 (clone BXP-21) and connexin 43 were from Millipore; p63 (clone 4A4), K5, and K19 came from Santa Cruz; K3 mAb (clone AE5) was from ICN Pharmaceuticals (Costa Mesa, CA; http://www.mpbio.com/). Alexa Fluor 568-conjugated goat anti-mouse secondary antibody was from Invitrogen-GIBCO BRL (Grand Island, NY; http:// www.invitrogen.com/). GeneAmp RNA-PCR and Taqman Universal PCR Master Mix AmpErase UNG kits were from Applied Biosystems (Foster City, CA; http://www.appliedbiosystems.com/). Mitomycin C, bovine insulin, human transferrin, hydrocortisone, human epidermal growth factor (EGF), cholera toxin, and other reagents were from SigmaAldrich (St. Louis; http://www.sigmaaldrich.com/).
Human Limbal Epithelial Cell Isolation and Cultivation.
Cornea-limbal rings were harvested from five healthy donors just after corneal transplantation, informed consent was sought, and the sample harvesting protocol was approved by the Institutional Review Board (IRB) of Jilin University. Fresh cornea-limbal rings were treated with 0.25% Dispase II at 4 ∘ C overnight, and epithelial layer was scrubbed from the underlying stroma tissue and treated with 0.05% trypsin-0.02% EDTA at 37 ∘ C for 15 minutes. Trypsin activity was neutralized by 10% FBS and dissociated limbal epithelial cells were collected and centrifuged at 1,500 rpm for 5 minutes. Epithelial cell viability was determined by trypan blue excluding staining and cell number was counted using hemocytometer.
Mouse 3T3 fibroblasts were maintained in Dulbecco's Modified Eagle's Medium (DMEM, high glucose) supplemented with 10% FBS, L-glutamine (2 mM), and penicillinstreptomycin (50 IU/mL) and cultured with 5% CO 2 and humidified atmosphere. 3T3 cells were subcultured every 6 days when reaching 80-90% confluence. 3T3 cells were serially maintained, and only cells before passage 20 were used for preparation of feeder layer. To prepare feeder layer, confluent 3T3 cells were treated with mitomycin C (10 g/mL) for 2 hours at 37 ∘ C, washed with PBS twice, and treated with 0.05% trypsin for 5 minutes at 37 ∘ C. 3T3 fibroblasts were then collected and plated at a density of 30,000 cells/cm 2 one day before seeding epithelial cells.
Human limbal epithelial cells were cultivated on 3T3 feeder layer using either FAD medium or serum replacement (SR) medium. The FAD medium is a mixture of DMEM and Ham's F-12 medium (1 : 1) containing 10% fetal bovine serum, L-glutamine (2 mM) and penicillin-streptomycin (50 IU/mL), epidermal growth factor (10 ng/mL), insulin (5 g/mL), adenine (0.18 mM), hydrocortisone (0.4 g/mL), cholera toxin (0.1 nM), and triiodothyronine (2 nM). The SR medium is a mixture of DMEM and Ham's F-12 medium (1 : 1) containing 10% KnockOut SR serum replacement, Lglutamine (2 mM) and penicillin-streptomycin (50 IU/mL), epidermal growth factor (10 ng/mL), insulin (5 g/mL), adenine (0.18 mM), hydrocortisone (0.4 g/mL), cholera toxin (0.1 nM), triiodothyronine (2 nM), transferrin (5 g/mL), and selenium (5 ng/mL). Limbal epithelial cells were seeded onto 3T3 feeder layer at a density of 6,000 cells/cm 2 and cultured with 5% CO 2 and humidified atmosphere. The FAD medium was changed every 3 days while the SR medium was changed every 2 days.
Colony Forming Efficiency Assay (CFE).
For CFE assay, 200 human limbal epithelial cells from FAD culture or SR culture were plated onto 100 mm petri dish containing mitomycin C-treated 3T3 feeder layer and cultivated as described above. After 12-day culture, the dishes were fixed with 10% formalin for 30 minutes at room temperature and stained with 1% Rhodamine B for another 30 minutes. After washing with distilled water, the colony numbers were counted and analyzed. The colony forming efficiency was expressed as the number of colonies formed divided by 200.
Cell Population Doubling Assay.
Limbal epithelial cells were maintained on mitomycin C-treated 3T3 feeder layer using FAD medium or SR medium. Epithelial cells were trypsinized when reaching 80-90% confluence and passaged at a density of 6,000 cells/cm 2 . Cultures were serially maintained for 10 passages. At each passage, limbal epithelial cells were harvested and cell numbers were counted. The number of population doublings (PD) for each passage was calculated according to the following formula: PD = (log / 0 )/ log 2, where represents the total number of cells obtained at each passage and 0 represents the number of plating cells at the beginning.
RNA Extraction and Quantitative Real-Time Polymerase
Chain Reaction. To evaluate the gene expression level of limbal epithelial cells, PCR and real-time PCR were performed. Total RNA was extracted from the corneal epithelial cells using the RNeasy kit following the manufacturer's instructions. The RNA was quantified by its absorption at 260 nm and stored at −80 ∘ C. To synthesize cDNAs, 1 g of total RNA was used with Superscript III Reverse Transcription kit. PCR was performed using Platinum PCR master mix (Life Technology); and real-time PCR was performed using the SYBR Green PCR Master Mix (Roche) with the primers described before [19, 20] . Real-time PCR reactions were performed in triplicate with an initial activation step at 95 ∘ C for 3 minutes, followed by 45 cycles: 95 ∘ C for 30 seconds, 60
∘ C for 30 seconds, and 72 ∘ C for 40 seconds. Relative gene expression was calculated by normalizing the difference in cycle threshold value (delta Ct), values of the genes to the delta Ct value of glyceraldehydes-3-phosphate dehydrogenase (GAPDH).
Immunofluorescent Staining.
Human limbal epithelial cells were seeded in culture slides with 3T3 feeder layer in FAD medium or SR medium. Three days after seeding, cultures were fixed with 4% paraformaldehyde or cold acetone at 4 ∘ C for 10 minutes. After washing with PBS twice, cells were blocked with 5% goat serum in PBS for 30 minutes. The mouse primary antibodies against p63 (1 : 200, 4A4, Santa Cruz), ABCG2 (1 : 30, BXP-21, Millipore), K3 (1 : 400, Millipore), and connexin 43 (1 : 1000, Millipore) were applied and incubated overnight at 4 ∘ C. Alexa Fluor 568-conjugated secondary antibody was applied for 1 hour after washing with PBS twice. The cell nuclei were then counterstained with Hoechst 33342 (1 g/mL in PBS) for 20 minutes. After washing with PBS for 3 times, the cell culture was mounted with mounting medium (Vector Laboratories, Burlingame, CA) and examined under a fluorescent microscope (BX50; Olympus, Tokyo, Japan).
Western Blot Analysis.
Cultured limbal epithelial cells were lysed with RIPA buffer (10 mM Tris pH 7.5, 150 mM NaCl, 1% sodium deoxycholate, 1% Triton X-100, 1 mM EDTA, and protease inhibitor cocktail; Roche Diagnostics) on ice for 30 minutes. The protein concentration was quantified using bicinchoninic acid (BCA) protein assay (Pierce, Rockford, IL). Total cell lysates (40 g) were electrophoresed in 12% gradient SDS-PAGE gel, transferred to nitrocellulose membrane (Bio-Rad), blocked with 5% skimmed milk in Tris-buffered saline (TBS) for 1 hour, and probed with mouse antibodies against proliferating cell nucleus antigen (PCNA, Santa Cruz, CA), ABCG2 (BXP-21, Millipore), or p63 (4A4, Santa Cruz, CA) overnight at 4 ∘ C. The membranes were then washed three times with TBS, incubated with goat antimouse IgG (1 : 5000, HRP-conjugated, Santa Cruz, CA) or rabbit anti-goat IgG (1 : 5000, HRP-conjugated, Santa Cruz, CA) for 1 hour at room temperature, and developed with enhanced chemiluminescent substrates (Pierce Biotechnology, Rockford, IL). The expression levels of ABCG2, PCNA, and p63 were measured using semiquantitative intensity measurement and normalized to GAPDH level which served as internal control.
2.7.
Statistics. Summary of data of CFE and relative fold of real-time PCR was reported as means ± SD and compared using Student's unpaired -test with Microsoft Excel (2003/XP version). Test results were reported as two-tailed values, where < 0.05 was considered statistically significant.
Results

The Phenotype of Corneal Epithelial Stem Cells in SR
Medium. A total of 5 cornea-limbal ring tissues were harvest from donors in the age range of 32-65 years. These tissues were preserved and processed within 24 hours after harvest. Human primary corneal epithelial cell culture was successfully set up in FAD medium (Figures 1(a) and 1(b) ) and SR medium (Figures 1(c) and 1(d) ) as well. The corneal epithelial cells maintained in SR medium + 3T3 feeder layer displayed a morphology with small size and high nuclei/cytoplasm ratio, which was typical undifferentiated epithelial cells morphology, and the large differentiating flat squamous-like cells were rarely observed (Figure 1(c) ). The epithelial cells maintained in SR medium began to form colonies 3 days after seeding (Figure 1(c) ). The sizes of these colonies were similar to those formed within FAD medium + 3T3 feeder layer (Figure 1(a) ), but these colonies were less tightly compacted than those in FAD + 3T3 feeder layer. Within 7 days, epithelial cells reached confluence in SR medium with uniform small size (Figure 1(d) ), which was also observed in FAD culture (Figure 1(b) ). In this study, human corneal epithelial cells could be derived and maintained in SR medium + 3T3 feeder layer for all five donors. For longterm cultivation, human corneal epithelial cells were serially subcultured in SR medium + 3T3 feeder layer for more than 10 passages ( = 5). During each passage, cells were trypsinized and collected when cells reached 80-90% confluence; cell numbers were calculated for population doubling assay. The result shows that epithelial cell yield from SR medium is close to that of cells cultured in FAD medium, as shown in Figure 2 (a), and these data are similar to previous reports [4, [10] [11] [12] . In summary, the data presented here shows that SR culture medium + mitomycin C-treated 3T3 feeder layer supports human corneal epithelial cells clonal growth and proliferation.
CFE Assay.
Next we examined and compared the CFE of corneal epithelial cells cultured in FAD and SR media. To analyze the CFE, corneal epithelial cells cultured in SR and FAD media were harvested and seeded at a density of 200 cells per 100 mm petri dish, which was preseeded with mitomycin C-treated 3T3 feeder layer, and this culture was allowed to grow for 12 days. The corneal epithelial cells started to form colonies 5-7 days after culture initiation. As shown in Figure 2 (b), after culturing for 12 days, the corneal epithelial cells maintained in SR medium exhibited similar CFE and colony size compared to cells maintained in FAD medium. CFE value for epithelial cells in SR and FAD media was 15% ± 3.1% and 17% ± 2.5%, respectively (Figure 2(c) ). Statistical analysis demonstrated that there was no significant differences in colony forming efficiency ( > 0.05) and the average area of the colonies ( > 0.05) between SR and FAD media (Figure 2(c) ). We quantified the percentage of the colony types based upon the area of the colonies. The results showed that the percentage of abortive colonies (colony area <1 mm 2 ) formed in SR medium was similar to that within FAD medium ( > 0.05). Similarly, the percentage of large colonies (colony area >4 mm 2 ) formed in SR medium was close to that in FAD medium ( > 0.05) (Figure 2(d) ). These results indicate that corneal epithelial cells cultured in SR medium possess a similar higher degree of proliferative potential when compared to cells grown in FAD medium.
PCR and Real-Time PCR Analysis.
To study the gene expression, PCR and real-time PCR were performed on epithelial cells cultured in both FAD and SR media.
Housekeeping gene GAPDH was used as an internal control. PCR data shows that the cell cultured in both FAD medium and SR medium show high level transcript expression of proliferative marker PCNA. The cells in both media show positive expression of cytokeratin 3 and cytokeratin 12, which is consistent with their limbus origin. The positive expression of basal layer epithelial cell marker, cytokeratin 15, was also observed in both cultures. ABCG2 and ΔNp63 expression was detected in both cultures, although ABCG2 expression decreased slightly after primary culture in SR medium. The low level of connexin 43 expression was observed in both cultures and implied low level of epithelial cell differentiation in both media. For real-time PCR, quantitative analysis of the mRNA level showed that there was no significant expression difference ( > 0.05) of p63 and ABCG2 between epithelial cells grown in FAD and SR media (Figure 4(a) ). Real-time analysis of the corneal epithelial differentiation marker cytokeratin 3 and cytokeratin 12 was also performed. Both of these two markers were barely detectable in both FAD and SR cell cultures, and, surprisingly, there is no significant difference ( > 0.05) in expression level between these two cultures. 
Immunofluorescent Staining.
To confirm that the epithelial cells grown in SR medium maintained the stemness and undifferentiated state, immunofluorescent staining of several proliferation, differentiation, and putative epithelial stem cell markers was performed. As shown in Figure 4 , in SR medium, most of epithelial cells displayed a small and uniform morphology, and most cells were strongly stained with p63, the putative epithelial stem cell marker. ABCG2 positive stained cells were also observed in a patchy distribution within the limbal epithelial cell colonies. The cells maintained in SR medium were weakly stained for connexin 43 and cytokeratin 3. The low expression of these two differentiation markers suggests low level of epithelial cells differentiation in the cell culture. The similar staining style was also observed in cells maintained with FAD medium (Figure 4(b) ). These data implies that human limbal epithelial cells cultured in SR medium maintained high level expression of putative epithelial stem cell markers, while expressing low level of differentiation markers.
Western Blot.
To double confirm the quantitative gene expression and immunofluorescent staining results, the expression of potential epithelial stem cells markers (p63 and ABCG2) and proliferation marker (PCNA) was evaluated using western blot. Using monoclonal p63 antibody (clone 4A4, Santa Cruz), the p63 protein (70 KD, ΔN isoform) was detected at high expression level in SR medium. The expression of ABCG2 (70 KD) was detected in each passage of cells cultured in SR medium. PCNA, proliferation marker, was also detected in cells cultured in SR medium (Figure 3(c) ). And the expression levels of p63, ABCG2, and PCNA were similar in 10 passages with semiquantitative intensity measurement (Figure 3(d) ) using GAPDH as internal control. The expression of ABCG2, p63, and PCNA was quantified and plotted using semiquantitative intensity measurement. The blot density of ABCG2, p63, and PCNA was measured and normalized to the level of GAPDH.
Discussion
Epithelial cells cultured on 3T3 feeder layer have been successfully derived and used for treatment of various clinical situations, such as severe burns, diabetic foot ulcers, skin defects, and oral mucosa defects [13, 14, 21, 22] . The first transplantation of limbal epithelial stem cells was described in 1997 by Pellegrini et al. [10] . During the past decades, several different culture methods have been developed, including culture of limbal epithelial cells on human amniotic membrane (HAM) with or without 3T3 feeder layer [23] [24] [25] [26] , culture of epithelial cells on temperature-responsive plates [27] , and culture of epithelial cells with commercial serum-free culture medium. As recent report indicates [28] that the clinical outcome of cornea/limbus epithelial cells transplantation depends on whether the limbal stem cells are preserved in the cell culture, it was pointed out that holoclones were only retained in FAD + 3T3 culture system [4, 11-16, 29, 30] . As this culture protocol involves using FBS, there is growing safety concerns that FBS is poorly defined animal products and has a potential of transmitting animalderived diseases to patients [31] . Therefore there is increasing need to develop animal product-free and FBS-free culture medium to replace traditional FAD medium [32, 33] . In this study, we developed a novel serum-free culture medium, in which KnockOut SR replaced FBS. The phenotypes of limbal epithelial stem cells in this novel serumfree culture medium were evaluated by immunostaining with antibodies for proposed stem cell markers (p63, ABCG2) and differentiation markers (cytokeratin 3, connexin 43).
The nuclear transcript factor p63 was previously proposed to be a marker of epithelial stem cells, and ΔN is the predominant isoform of p63 isoforms in these cells [34, 35] . Our results are consistent with these previous reports; nuclear p63 was strongly expressed in limbal cell culture, which was shown by immunostaining, real-time PCR, and western blot. The presence of p63 in limbal cell culture indicates their high proliferative and self-renewal potential. ABCG2, a member of the ATP binding cassette (ABC) transporters, originally known as breast cancer resistant protein 1 (BCRP1), has been proposed as another putative stem cell marker for adult stem cells, including limbus epithelial stem cells [36] . The high expression of ABCG2 in the SR medium was evidenced by immunostaining and real-time PCR. K3 and K12 are well known as corneal specific markers [1, 37] . Consistently, our immunostaining and real-time PCR results showed that the cells were K3 and K12 negative, confirming their limbus origin. Connexin 43 is a member of the gap junction proteins family; it allows direct diffusion of low molecular weight solutes between neighboring cells. Connexin 43 was reported to be expressed by differentiated epithelial cells [38] [39] [40] , and the absence of these intercellular communication molecules may be a feature of epithelial stem cells.
In our results, a greater percentage of cells expressed p63 and ABCG2, while few cells express differentiation markers K3/K12 and CX43. Thus human limbal epithelial stem cells in SR serum-free medium displayed similar phenotypes and maintain undifferentiated conditions, compared to FBS medium.
In conclusion, using KnockOut SR replacing FBS, our novel serum-free medium maintains human corneal epithelial cells growth and proliferation and retains epithelial stem cells in their undifferentiated phenotype. This novel serumfree culture method is supplement-defined and relatively easy to control. It has great potential to be used in clinic limbal epithelial cell transplantation and tissue regeneration.
